Results: Immunofluorescence analysis detected NUP93 expression in nuclei of all glomerular and tubulointerstitial cells in human kidneys. Whole-exome sequencing identified a compound heterozygous NUP93 mutation comprising a novel missense mutation p.Arg525Trp, and a previously reported mutation, p.Tyr629Cys, in a patient with FSGS that developed ESRD at the age of 6 years. In the patient's kidney, the intensity of NUP93 immunofluorescence was significantly decreased in the nuclei of both glomerular and extraglomerular cells. The expression of CD2-associated protein (CD2AP) and nephrin in the patient's podocytes was relatively intact. The amount of NUP93 protein was not significantly altered in the peripheral blood mononuclear cells of the patient. 
F
SGS is a group of clinicopathological entities [1] [2] [3] involving the glomerulus. Clinically, FSGS exhibits a large overlap with the clinical features of SRNS in children and adults. 4, 5 FSGS is classified into primary (idiopathic) and secondary forms. 6, 7 Secondary FSGS occurs as an adaptive response to known causes, including genetic abnormalities. [7] [8] [9] Mutations in more than 50
genes have been associated with genetic FSGS. [10] [11] [12] A single mutation was identified in approximately 30% of a mostly pediatric SRNS cohort. 7, 13, 14 NPCs form an octagonal channel across the nuclear envelope that mediate nucleocytoplasmic transport. They are some of the largest molecules found in cells. [15] [16] [17] NPCs have molecular masses of approximately 120 MDa in humans, and are built from multiple copies of different nuclear pore proteins called nucleoporins (NUPs). 15, 16, 18 Although NUPs are conserved across eukaryotes, and the overall structure of NPCs is conserved in all cell types, the protein composition of NPCs varies among cell or tissue types. 15, [19] [20] [21] In addition to their role in nucleocytoplasmic transport, NPCs are also involved in chromatin organization, which regulates gene expression and DNA repair. 15, 19, 22, 23 Genetic alterations in NUP genes are linked to different cellular and developmental defects resulting in immune, cardiovascular, or neurological abnormalities. 17, 24 In 2016, homozygous mutations in NUP93 (p.Gly591Val or p.Tyr629Cys) were identified in 3 familial SRNS cases. 25 In that study, the authors demonstrated that NUP93 is expressed in developing podocytes at the capillary loop stage in fetal rat kidney, and some truncating mutations resulted in a defect in its localization along the nuclear envelope in cultured podocytes. NUP93 and other NUP-associated molecules regulate the bone morphogenetic protein-7-dependent SMAD signaling pathway, and some of mutations in NUP93, including p.Lys442Asnfs*14, p.Gly591Val, and p.Tyr629Cys have been reported to abrogate the signal. 25 So far, it has been unclear whether NUP93 is expressed only in specific cell types in the kidney, such as podocytes. It also has not yet been shown whether FSGS-causing NUP93 mutations alter the expression or localization of NUP93 in podocytes as well as in other renal cells. Furthermore, its expression in extrarenal tissues or cells has been incompletely analyzed. 25 In this study, we characterized NUP93 expression in human renal tissues. The expression of NUP93 in kidney and blood cells in a patient with FSGS carrying compound heterozygous NUP93 mutations was also analyzed.
MATERIALS AND METHODS

Compliance With Ethical Standards
This study was approved by the ethics committee of Yamagata University (#2012-87). Informed consent was obtained from all participants included in this study.
Histological Analysis
Tissue for light microscopy was collected and processed routinely. Biopsy tissue was routinely fixed for electron microscopy. Immunohistological analysis of podocyte protein expression was performed as follows. Paraffin-embedded samples from human renal biopsy samples were deparaffinized in xylene and rehydrated through an ethanol-H 2 O gradient, followed by incubation in a target retrieval solution (S1699; DAKO, Carpinteria, CA) for 20 minutes at 121 C. Sections were cooled to room temperature and incubated with Alexa Fluor-conjugated secondary antibodies (Invitrogen, Carlsbad, CA). Images were obtained using fluorescence microscopy and a confocal microscope (model LSM-710; Carl Zeiss, Oberkochen, Germany) and were processed using commercial imaging software (Adobe Photoshop CC 2017; Adobe, Inc., San Jose, CA).
The following antibodies were obtained commercially: mouse monoclonal anti-NUP93 antibody raised against amino acids 1-300 mapping at the N-terminus of NUP93 of human origin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rabbit polyclonal anti-CD2AP antibody (SigmaAldrich, St. Louis, MO), rabbit polyclonal anti-CD31 antibody (Spring Bioscience, Inc., Pleasanton, CA), and rabbit polyclonal anti-amnionless antibody (SigmaAldrich). Rabbit polyclonal anti-nephrin IgG has been described previously. 26 Control samples (donor kidney or biopsy samples from patients with nephrotic syndrome during a proteinuric period) were stained at the same time.
Expression Vectors
Full-length cDNA for human NUP93 was amplified by polymerase chain reaction from cDNA derived from HEK293T cells, using the following primer sets:
0 . After digestion of pCMV-tag2b vector with BamHI and SalI, NUP93 cDNA was inserted (Gibson Assembly Master Mix; New England Biolabs, Ipswich, MA) according to the manufacturer's instructions. The product generated by polymerase chain reaction was confirmed by nucleotide sequencing.
Preabsorption of NUP93 Antibody HEK293T cells were purchased from the American Type Culture Collection (Manassas, VA) and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. Transfections were performed using a polyethylene-imine reagent (PEI-Max; Polysciences, Warrington, PA) following the manufacturer's instructions. Cells were lysed in a buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, and 1% NP-40) containing a protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) for 10 minutes on ice. Lysates were clarified by centrifugation. Of the lysates, 2% were used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting; the rest of the lysates were incubated with agarose beads conjugated with anti-FLAG peptide M2 antibody for 1 hour at 4 C. The diluted primary antibody for NUP93 was incubated with the immunoprecipitates from cells transfected with FLAG-NUP93 or control vector (FLAG-LAMB2) for antibody absorption.
Peripheral Blood Mononuclear Cell Collection and Quantification of the NUP93
Blood samples were collected in EDTA-treated tubes and peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation (Lymphocyte Separation Solution: d ¼ 1.077 g/ml; Nacalai Tesque). PBMCs were washed once in RPMI 1640 medium and the cell suspensions were centrifuged at 300G for 2 minutes. The supernatant was discarded and lysis buffer added, followed by incubation on ice for 10 min. After centrifugation at 20,000G for 15 minutes, the pellets were solubilized in sodium dodecyl sulfate sample buffer and sonicated for 1 minute, then incubated at 95 C for 5 minutes. The lysates were used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis.
Whole-Exome Analysis and NUP93 Gene Analysis Whole-exome analysis was performed using a previously described method. 27 Briefly, genomic DNA was extracted from peripheral blood. Exon capture was performed with a commercial kit (SureSelect Human All Exon kit v5; Agilent Technologies, Santa Clara, CA). Exon libraries were sequenced (HiSeq 2000 platform; Illumina, San Diego CA) according to the manufacturer's instructions. Paired 100-base pair reads were aligned to the reference human genome (UCSC hg19) using the Burrows-Wheeler Aligner (Version 0.7.3a). 28 Single-nucleotide variants and indels were identified as previously described. 29 We focused on the variants of 53 FSGS/SRNS causative genes (Supplementary Table S1 ). Then, variant filtering on the basis of population frequency was performed to include only minor allele frequencies of <1% of healthy control population databases. 30, 31 Variants that were protein-truncating, highly conserved across species, predicted to be deleterious based on at least 2 of 3 programs' prediction scores from the webbased prediction programs PolyPhen-2 (http://genetics. bwh.harvard. edu/pph2), SIFT (Sorting Intolerant From Tolerant) (http://sift.bii.a-star.edu.sg/), and MutationTaster (http://www.mutationtaster.org), were left. At this point, 5 variants remained. Three of them were excluded because they were reported as heterozygotes, whereas their genetic forms were autosomal recessive. Eventually, the 2 variants of NUP93 (c.1573C>T and c.1886A>G) remained. Sanger sequencing was performed to detect NUP93 and validate the presence of each variant detected by exome sequencing in the patient and her parents and brother. The entire cording region and exonintron boundaries of all cording exons of NUP93 gene were amplified from the genomic DNA using polymerase chain reaction. The sequence reactions were analyzed on an ABI PRISM 3100 Genetic Analyzer (PE Applied Biosystems, Foster City, CA) with the BigDye Terminator 
RESULTS
Expression of NUP93 in the Human Kidney
NUP93 expression in human kidney samples was analyzed by using monoclonal antibodies raised against the 300 N-terminal amino acids of human NUP93. This antibody specifically recognizes NUP93 expressed in HEK293 cells (Figure 1a) . In control kidneys, the immunofluorescent signals for NUP93 were detected in cells both inside and outside of glomeruli (Figure 1b and  c) . The signals for NUP93 were significantly decreased when antibody was preabsorbed with anti-FLAG immunoprecipitates from cell lysates of HEK293 cells that express FLAG-tagged NUP93 (Figure 1d and e) , indicating the specificity of the signals.
To determine the localization of NUP93 in glomeruli, the human kidney sections were double-labeled with NUP93 and CD2AP (Figure 2a) . CD2AP is expressed in podocytes in glomeruli. 32 The signals for NUP93 were detected both in the glomerular cells and in tubulointerstitial cells around glomeruli (Figure 2a, A-D) .
NUP93 signals were detected in all nuclei in the glomerular cells as well as those in parietal glomerular epithelial cells (Figure 2a, E-H) . The signals for NUP93 in glomeruli were also observed in cells expressing CD2AP (podocytes) (Figure 2a , I-L, yellow arrows), as well as in CD2AP-negative cells (Figure 2a, I-L, yellow arrowheads) .
To confirm the expression of NUP93 in endothelial cells, double-staining with CD31, an endothelial marker, was performed, and revealed expression of NUP93 in endothelial cells both within and outside the glomeruli (Figure 2b, A, B, 1, and 2 ). For the renal tubules, we performed double-staining with NUP93 and amnionless, as a marker of proximal tubules, 33 and confirmed that NUP93 was expressed in the form of dots in the nuclei of the proximal tubules (Figure 2b , C, D, and 3)and distal tubules (Figure 2b , C, D, and 4) of the human kidney sections.
To confirm whether NUP93 is ubiquitously expressed in kidney cells, NUP93-positive cells and cells positive for 4ʹ,6-diamidino-2-phenylindole were quantitated using high-magnification images of 5 different glomeruli and those of the tubulointerstitial cells in the human kidney cortex. More than 99% of cells positive for 4ʹ,6-diamidino-2-phenylindole in the samples were NUP93-positive both in glomeruli and in extraglomerular cells, indicating that NUP93 is expressed throughout the human renal cortex.
Patient With FSGS With Mutations of NUP93
We identified a compound heterozygous mutation of NUP93 in young Japanese woman with FSGS. In this patient, microscopic hematuria, proteinuria, and hypertension were first detected after streptococcal infection at the age of 4 years and 11 months. Her paternal grandfather and maternal grandfather had died of cancer, but she had no family history of kidney disease. She had a history of an afebrile convulsion at the age of 5 years, and febrile seizures at the ages of 9 and 11 years. She developed rheumatoid arthritis at the age of 17 years.
Because of persistent proteinuria (2-2.5 g/d) and hypoalbuminemia (2.8 g/dl), renal biopsy was performed at the age of 5 years and 1 month (Figure 3a) . Light microscopy revealed that in a total of 21 glomeruli, global sclerosis was evident in 18 and segmental sclerosis was observed in 1. Mild tubular dilation with casts, as well as severe tubular interstitial infiltration and fibrosis were also observed (Figure 3b and c) . Despite the diffuse and global glomerulosclerosis, electron microscopy revealed that the structure of the podocyte foot processes was largely maintained in the remaining glomeruli (Figure 3d ). Positive staining for IgG (þ) and C3 (þ) in glomeruli were observed by immunofluorescence. From these histopathological results, she was diagnosed with FSGS. Proteinuria (1.5 g/d) did not respond to high-dose steroid therapy and her renal function progressively deteriorated. She had mild edema, which was easily controlled by diuretic agents. Plasma exchange was also performed but did not have any effect on proteinuria. She developed ESRD at the age of 6 years and was on chronic peritoneal dialysis. She received a living donor kidney transplant from her mother at 15 years. She is now 31 years old and has been hospitalized twice for suspected urinary tract infections at 28 and 30 years. Otherwise, she has been generally healthy and has suffered from no relapse of proteinuria or rejection after transplantation.
In this patient, 2 heterozygous mutations of NUP93 were found in exons 14 and 17 ( Figure 4 ) by wholeexome analysis. Direct sequencing confirmed that the patient had a compound heterozygous mutation in NUP93: c.1573C>T (predicting p.Arg525Trp) was (Figure 4a and b) . Tyrosine 629 of NUP93 is highly conserved between species and p.Tyr629Cys (rs757674160) was previously reported as a pathogenic Turkish founder allele. 25 The other variant in this case, p.Arg525Trp (rs760057496) was novel and also highly conserved between species (Figure 4c ). Although these mutations had been registered in the database of singlenucleotide polymorphisms of the National Center for Biotechnology Information (dbSNP, www.ncbi.nlm.gov) and in the Genome Aggregation Database (gnomAD, http://gnomad.broadinstitute.org/; Supplementary  Table S2) , 31 the allele frequency was extremely low and homozygosity had not been reported (Table 1   34 ). The functionality of p.Arg525Trp was analyzed using the SIFT web-based tool, PolyPhen2, and Mutation Taster by homology modeling and threading. All 3 models predicted NUP93 p.Arg525Trp to be pathogenic ( Table 1) .
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Expression of NUP93 in the Patient With NUP93 Mutation
We analyzed the expression of NUP93 in biopsy samples from the patient ( Figure 5 ) by dual immunofluorescence assays with CD2AP ( Figure 5a ) or with nephrin ( Figure 5b ). In the patient's kidney, the staining intensity of NUP93 was diffusely decreased compared with control (donor kidney). The decrease of nuclear NUP93 signals was observed not only in glomerular cells but also in tubulointerstitial cells. Notably, glomerular expression of CD2AP was not significantly altered ( Figure 5a ) and nephrin was partially decreased only in sclerotic lesions of glomeruli (Figure 5b) .
The expression of NUP93 in the patient's PBMCs was also examined by Western blot analysis. The specificity of the signal was confirmed by antigen preabsorption (Figure 6a ). The amount of NUP93 protein in the patient's PBMCs did not significantly differ from those of control samples (Figure 6b ).
To examine if the change in the renal expression of NUP93 in the patient was secondary to podocyte damage or proteinuria, the renal expression of NUP93 in patients with primary FSGS or with minimal change nephrotic syndrome was also analyzed. The staining pattern of NUP93 in a patient with minimal change nephrotic syndrome during a proteinuric state did not significantly differ from that in a control. In a patient with primary FSGS, the expression of NUP93 was also relatively maintained both in glomeruli and in renal tubules (Supplementary Figure S1) . These results suggest that decreased signals of NUP93 in the patient with NUP93 mutations may not be secondary to podocyte damage or proteinuria.
DISCUSSION
In this study, we identified a Japanese patient with FSGS with a compound heterozygous NUP93 mutation. One of the mutations (p.Tyr629Cys) was the same variant as previously reported in patients with FSGS, 25 and the other variant, p.Arg525Trp, was novel. Because of the extremely low allele frequency and in silico prediction, this compound heterozygous mutation was predicted to be pathogenic. The 3-dimensional structure of human NUP93 created by SWISS-MODEL (http://swissmodel.expasy.org) 35, 36 ( Figure 7a ) and all the mutations reported in previous studies 12, 25, 37 are shown in Figure 7b . The previous reports showed the onset of nephrotic syndrome or proteinuria between 1 and 7 years, and more than half of patients had hematuria and all patients developed ESRD between 1 and 12 years. The clinical features of the present case, who developed ESRD at 6 years, were consistent with these reports. 12, 25, 37 This is the first report of an East Asian patient with SRNS with the NUP93 mutation.
We demonstrated that NUP93 expression is not confined to podocytes, but NUP93 is expressed in several different cell types in the human kidney. In the patient carrying NUP93 mutation, signal intensity for NUP93 was decreased in non-cell-type-specific fashion in renal cortex. In a previous report analyzing renal histology of patients with NUP93 mutation, the authors found proximal tubular dilation with protein casts and interstitial cell infiltrations in some patients. 25 In the present case, severe atrophy of tubuloepithelial cells, interstitial fibrosis, and infiltration of inflammatory cells were evident in the biopsy specimen, although she had relatively mild proteinuria (2-2.5 g/d) and biopsy was done only a month after onset. Therefore, it may be possible that the alteration of NUP93 expression in extraglomerular cells is directly associated with tubulointerstitial lesions in the patient's kidney, whereas the possibility of tubulointerstitial damage secondary to glomerular sclerosis still cannot be dismissed. The signals for NUP93 were significantly decreased in the cells in nonsclerotic regions in the patient's glomeruli, where CD2AP or nephrin expression was maintained. Sustained NUP93 expression in other patients with idiopathic nephrotic syndrome (Supplementary Figure S1) indicates a specific alteration of NUP93 expression in the patient carrying NUP93 mutations. When expressed in cultured podocytes, the NUP93 Tyr629Cys mutation did not affect its expression level or its localization in nuclear pores despite its significantly decreased SMAD signaling. 25 The discrepancy with the in vivo expression in the patient's kidney might be because of the other variant p.Arg525Trp, or because of the difference between cells cultured in vitro and those in vivo.
In a previous report, knockdown of NUP93 resulted in impaired migration and proliferation in immortalized human podocytes. 25 The depletion of NUP93 in Caenorhabditis elegans induced abnormal NPC distribution in the nuclear envelope and it caused a failure in nuclear exclusion of macromolecules, 38 which is crucial for cell viability. In the experiments using Xenopus spp., knockdown of NUP93 led to a loss of cilia during embryonic development, 39 suggesting that function of NUP93 can be context-dependent. Its altered expression in renal cells by the mutations of NUP93 may lead to the altered viability of podocytes, which underlies the development of FSGS.
Further analysis of the role of the expression of NUP93 in renal and nonrenal cell types might reveal possible diverse effects on the affected patients.
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